To fabricate MEMS devices, plasma etching is widely used for building high aspect ratio and three-dimensional (3D) structures. However, there are serious problems caused by irradiating charged particles and high energy UV photons from the plasma.
Introduction
To fabricate MEMS devices, plasma etching is widely used for building high aspect ratio and three-dimensional (3D) structures. However, there are serious problems caused by irradiating charged particles and high energy UV photons from the plasma.
The negative ion sheath potential at the interface between the plasma and surface accelerates and collimates positive ions from plasma and enables vertical etching. When a sample has a 3D structure whose height is similar to or larger than the ion sheath thickness, the ion flight direction is distorted by distorting the sheath shape along the surface unevenness. This causes a distorted acceleration of ions and results in a distorted etching shape. Conversely, high energy UV photons from plasma also cause serious problems, such as defects and deterioration of the mechanical property. It was reported that the quality factor (Q factor) and resonance frequency (f) were decreased by plasma irradiation [1] .
To solve these problems, in this study, we investigated 3D, damage-free, and high aspect ratio silicon etching for MEMS applications by using a neutral beam (NB). We found that our developed NB etching [2] could achieve defect-free and shape distortion-free etching for 3D and high aspect ratio MEMS devices.
Experimental
Etching with a high aspect ratio and 3D structure was investigated. Figure 1(a) shows a schematic illustration of a sample used in this investigation. It had a 725-µm-high vertical step and trench mask pattern on a silicon substrate. The samples were etched by using plasma and a neutral beam. The distortion angle of the etched shape was observed by using SEM images and analyzed as a function of the distance from the step, as shown in Fig. 1(b) .
Etching damage on the mechanical property of a silicon cantilever was also investigated. The microcantilever structure in Fig. 2 was fabricated by using a plasma etching process with a silicon-on-insulator (SOI) wafer. Then, surface defects were removed by using the sacrifice oxidation process [3] . After that, Ar inductively coupled plasma (ICP) or an Ar neutral beam (NB) was irradiated on the surface of the microcantilevers. Then, the resonance frequency (f) and quality factor (Q factor) were measured by using a laser Doppler vibrometer before and after the irradiations. Also, defect density (E' center) was measured with an electron spin resonance (ESR) spectrometer to understand the relationship between defect generation and deterioration of the mechanical property. Temperature dependence of the mechanical property was also measured by using a cryostat to clarify the mechanism of energy loss in a silicon cantilever. Figure 3 shows SEM images of the etched samples with a high aspect ratio and 3D structure. A distorted profile was observed when plasma etching was used [ Fig. 3(a) ]. The distortion angle θ was dependent on the distance x from the step. This distortion was caused by distortion of the ion sheath at the neighborhood of the high aspect ratio and 3D structures, as illustrated in Fig. 1(b) . Distortion of the ion sheath caused distortion of the ion trajectory and resulted in etching shape distortion. In comparison, no distortion was observed when NB etching was used. This is because the accelerated and collimated neutral beam was not affected by surface unevenness. This result shows that the NB was free from charge-related etching problems and is favorable for etching 3D structures in MEMS devices. Figure 4 shows the trends of f and Q factors of microcantilevers before and after plasma and NB irradiations. Plasma irradiation deteriorated the mechanical property, while NB did not. Figure 5 shows the defect density as a function of irradiation. It was found that high density defects were generated during plasma irradiation, whereas NB eliminated almost all defect generation. Figure 6 shows the f ratio as a function of substrate temperature. Deterioration of f was suppressed by decreasing the substrate temperature. This may indicate that phonon scattering at the crystalline defect caused a loss of vibration energy and deterioration of f and Q values. Such defects are regarded to be generated by UV irradiation from plasma. Figure 7 shows the thickness dependence of Q factor after plasma irradiation. The degradation of Q was more severe in thinner cantilevers, which indicated the existence of a surface damaged layer with a constant thickness. It is known that high energy UV photon irradiation from plasma generates high density defects [3] . Ultraviolet photons have a certain penetration depth of tens of nanometers depending on their energy, which determines the thickness of the damaged layer. Since a NB is almost free from UV irradiation, damage on the mechanical property could be suppressed by using a NB.
Results and Discussions

Summary
In the fabrication process for MEM devices, precisely etching a high aspect 3D structure and suppressing process induced defects are important. Plasma etching resulted in a profile anomaly near the high 3D structure and degradation of the mechanical property due to electric charge (ion sheath) and UV irradiation, respectively. Conversely, using a NB was found to be a favorable technique for realizing precise and damage-free etching for high aspect ratio and 3D MEMS structures. 
